different SNPs considered which available methods unrealistically assumed. Results: Simulation studies and comparisons with a real set of data showed that our approach is more likely to correctly identify the presence of true and misspecified trios compared to available software, accurately infers the extent of relationship misspecification in a trio and accurately estimates the genotyping error rates. Conclusions: Assessing relationship misspecification depends on the fidelity of the genotype data used. Available algorithms are not optimised for genotyping technology with varying rates of errors across the markers. Through our comparison studies, our approach is shown to outperform available methods for assessing relationship misspecifications.
family trios and sib-pairs, where admission criteria are typically stringent and difficult to satisfy. However, one main disadvantage of case-control study designs is the vulnerability to effects of confounding, brought by the presence of undetected or unaccounted population structure [2] [3] [4] [5] [6] . Thus for disease traits where recruitment of pedigree data on a large scale is possible, the use of family-based pedigrees avoids the pitfalls associated with the presence of population structure in a case-control association study.
Family-based association studies are important tools in our efforts to define the genetic basis of common disease [7] . However, relationship misspecification is a common problem among samples collected for family studies and undetected pedigree errors can significantly affect association statistics. While several methods have been proposed for detecting relationship misspecification, these generally work well when large amounts of genetic data are available. In candidate gene studies or during the initial stages of sample selection for a whole genome association analysis, investigators may only have sparse sets of single nucleotide polymorphisms (SNPs) genotypes, which available methods are not optimized for.
A wide range of association tests based on family studies have been proposed [8] [9] [10] [11] [12] [13] [14] and these tests typically require genotyping data from an affected individual and their biological parents (a nuclear family trio). Here we consider the widely used transmission disequilibrium test (TDT). The TDT is appealing because of its relative simplicity and like other family-based association tests has the advantage of being robust to the effects population stratification [15] .
Family-based association tests, such as the TDT, are dependent on the successful ascertainment of true nuclear family trios. However relationship misspecification, from a variety of origins, will inevitably occur in trios collected for genotyping. One common source of misspecification is undisclosed paternal discrepancy. A review of 17 populations, each studied for reasons other than disputed paternity, reported a median rate of paternal discrepancy of 3.7% (inter-quartile range was 2.0 to 9.6%) [16] . Low socio-economic status, deprivation and young maternal age are associated with higher rates of this form of misspecification [17] . The situation can be further complicated by a number of other reasons: local customs, where relatives contribute in caring for children in extended families; study design, where retrospective collection of parental DNA samples may increase the likelihood of relationship misspecification; communication problems between researchers and participants; and laboratory or clinician sample handling error resulting in DNA swapping.
Undetected relationship misspecifications, like other sources of genotyping errors, can lead to a loss of power [18] and increased Type I error due to a bias in over-transmission of common alleles [19, 20] (see also fig. 1 ). In a review of 79 significant TDT-derived associations between microsatellite markers and disease, the mostcommon alleles exhibited transmission distortion in 31 studies, 27 of which were over-transmission of the mostcommon allele [20] . TDT variants that are robust to genotyping error have been proposed [21, 22] but it seems reasonable to remove misspecified nuclear family trios if they can be detected. Unfortunately relationship misspecifications can be difficult to assess when limited numbers of markers are typed [23] (fig. 1 , in Supplementary Materials, www.karger.com/doi/10.1159/000164396), particularly in the presence of an unknown background rate of genotyping error, and when a range of misspecification types are present.
There are a wide range of statistical techniques and software available to assess relationships between individuals using genetic markers [24] [25] [26] [27] [28] [29] [30] , which have been discussed in two reviews by Blouin [31] , and Jones and Arden [32] . The methods are generally designed to utilize large numbers of multi-allelic genetic markers such as microsatellites, but can also be applied to SNP data. Most of these approaches take a likelihood perspective and compare a number of pre-specified relationships within a likelihood ratio framework in order to infer the most likely relationship given the observed genetic data. However, there are a number of disadvantages with existing methods: (i) the inability to realistically model the presence of genotyping errors -recent methods allow and account for the presence of genotyping errors by assuming a constant user-defined error rate which is fixed across all the markers, in reality individual SNP markers perform with different rates of success which users are often unable to quantify accurately; (ii) evaluating pairwise relationships rather than analyzing the complete information from a trio -most available approaches do not evaluate the authenticity of a trio within a single analytical framework and instead decompose the trio relationship into three pairwise relationships which are each assessed independently (except for the method introduced by Sieberts and colleagues [29] ); (iii) assessing the degree of kinship using the extent of allele sharing -these metrics can be distorted when markers are associated with the disease. Thus existing methods work well when genotype data from large numbers of unlinked neutral multi-allelic markers are available. However, these methods may not be optimized for detecting misspecified nuclear family trios in the presence of limited datasets where the SNPs genotyped are often located in genes putatively associated with the trait of interest.
In general, there are three scenarios that can affect a nuclear family trio: paternal misspecification, maternal misspecification or misspecification of both parents. When one or more relationships are misspecified, configuration of genotypes which are inconsistent with mendelian transmission can occur for the putative parents and offspring trio. For a biallelic SNP, there are a total of 27 possible genotype combinations for parents and offspring, of which 15 are consistent with mendelian transmission and 12 are not ( fig. 2 ). In the absence of genotyping errors (or rarer causes, such as mutations or the presence of copy number variants), the observation of a single mendelian error would provide absolute evidence for a relationship misspecification. In practice, errors due to genotyping can occur and these can often result in genotype configurations which are inconsistent with mendelian transmission. Based on these simple insights, we propose a method to assess the authenticity of nuclear family trios by investigating the occurrences of genotype configurations that are inconsistent with mendelian transmission in a trio, where any observed inconsistencies are likely to be attributed to either genotyping errors, or a misspecification of at least one parent-offspring relationship, or both.
In assessing trios, it is often convenient and intuitive to interpret posterior probabilities for specified relationships compared to significances (p values) from likelihood-based test statistics which rely on assumptions from asymptotic distributions. In this paper, we propose a conceptually simple method for evaluating the authenticity of trios using SNP information in a Bayesian setting that assesses the extent of pedigree inconsistencies in the presence of genotyping errors. Simply put, nuclear family trios which possess greater extent of pedigree inconsistent genotypes are more likely to be false compared to those with almost no pedigree inconsistencies. Our method allows for differential rates of genotyping errors across the SNPs, and down-weighs SNPs with poor performance. Evaluated within a Markov chain Monte Carlo (MCMC) framework, the method naturally estimates the allele frequencies for each SNP and the posterior probabilities for four possible scenarios: true nuclear family trios (no misspecification), three unrelated individuals (misspecification of both parents), unrelated paternal and unrelated maternal trio (single parent misspecification).
We compare our proposed method against a range of currently available software packages for assessing pedigree relationship with a series of simulation studies. We also apply our method to identify misspecified trios in the early stages of a genome-wide scan of malaria susceptibility (http://www.malariagen.net). The algorithm described in this paper has been implemented in Nucl3ar , which is available upon request from the authors.
Methods
Suppose there are n trios and every individual in each trio is genotyped at L biallelic loci. We assume a model where every trio must belong to one of the four possible mutually exclusive categories: (1) true trio; (2) both parents misspecified trio; (3) misspecified-father trio; (4) misspecified-mother trio. Let Z denote the (unknown) status of the trios, and is a vector of length n , with the i -th entry z i D {1, 2, 3, 4}, where the four number states correspond to the above specified relationships respectively. Let E , F and W denote the vectors of genotyping error rates, minor allele frequencies and the weights of the L loci respectively, with elements e l , f l and w l for SNP l , where l = 1, 2, … , L . We denote M as a n ! L binary matrix where the ( i , l ) entry, m il , takes value one only if a pedigree inconsistent genotype configuration is observed in pedigree i at SNP l , and is zero otherwise. Similarly, denote G as the n ! L binary matrix where the ( i , l ) entry, g il , takes value one only if there is a genotyping error for one of the individuals in pedigree i at SNP l , and is zero otherwise. This implicitly assumes the occurrence of genotyping errors within a trio to be a Poisson process, where the probability of observing more than one genotyping error in each trio is negligible. Let P be the n ! 4 matrix of probabilities such that the ( i , j ) entry, p ij , measures the probability that pedigree i is assigned to relationship j . Conditional on a false trio relationship, the trio must either have misspecified both parents, or have misspecified one of the parents. We use a Dirichlet ( D ) prior to model
where i s are chosen based on prior beliefs.
In the absence of any genetic or epidemiological information, we can assume that it is equally likely for a relationship to be either true or false. This is modeled by the constraint that In our analyses, we have assumed that the expected prior probability of a single misspecified parent-offspring relationship is three times more likely than a complete misspecification of the trio relationship (misspecified parents), and it is equally likely to be either of the two single misspecified parent-offspring relationship. Under these assumptions, we have chosen 1 = 50, 2 = 50/7, 3 = 4 = 150/7, which yield a 95% credible interval for p i 1 of (0.4, 0.6). In the presence of prior information, these assumptions can be relaxed and the parameters for the prior chosen accordingly to reflect the background rates of misspecified relationships.
We assume Beta ( B ) priors for both the genotyping error rate and allele frequency at locus l, such that
where reflects the expected genotyping error rate for all the SNPs in the particular platform and effectively controls the strength of our belief in this expected error rate. The parameters 1 and 2 can be chosen based on information of the allele frequency for each SNP a priori. In our analyses, we let = 0.01, with = 10. Also we assume no prior information on the allele frequencies and we let 1 = 2 = 1, which is the same as assuming an uninformative uniform distribution for the allele frequencies.
There is often a strong correlation between genotyping error rates and call rates, where SNPs with lower call rates tend to have more genotyping errors. This is a common artifact as researchers, in attempts to increase the call rates of SNPs with low call rates, may pass genotype calls which are of lower quality. Thus in evaluating the weight for each SNP, we consider both genotyping errors and missing genotypes as evidence of poorer performance for a SNP and the weight for SNP l is evaluated deterministically with the relationship pedigrees with genotyping errors pedigrees with missing genot p y es 1 , total pedigrees
where # abbreviates for 'the number of', and the numerator is calculated for SNP l. Given the observed genotypes, X , and conditional on knowing the trio relationship of the n pedigrees, Z , the posterior distribution for the allele frequency for SNP l is
with n lk denoting the number of copies of allele k observed for SNP l from suitable individuals. We define the set of suitable individuals to include the parents from true trios, all the individuals from misspecified parents trios, the putative mothers from misspecified-father trios and the putative fathers from misspecifiedmother trios.
The corresponding posterior distribution for the genotyping error rate is
where n l ( e ) is obtained from counting the number of trios with genotyping errors at SNP l. The matrix of pedigree inconsistencies, M , does not change given the observed genotypes. However the entries in the binary matrix for genotyping errors, G , depend probabilistically on the trio relationship, the observed genotype combination for the trio x il , and the genotyping error rate for the corresponding SNP. While the program Nucl3ar allows for a flexible specification of the error model, in our analysis, we have made the simplifying assumption that at most one genotyping error can occur for each trio, and conditional on the occurrence of an error, it is twice as likely for a single allele error than an error involving both alleles. 
Specifically, in the setting where all the loci are unlinked and when the occurrence of a genotyping error at any SNP for each trio is independent of the actual relationship between the members of the trio, we use a weighted likelihood approach to calculate the posterior probabilities. In particular, the log-likelihood of the observed genotypes for trio i , x i , is calculated as
The posterior probability that trio i is assigned to relationship j is the normalized probability Pr Pr . Pr Pr
In order to average over the uncertainties of the posterior distributions, we construct a Markov chain using Gibbs sampling [33] . We can start the chain by sampling each variable from the respective prior distributions, and the algorithm iterates through the following steps:
).
By letting the chain run for sufficiently large number of iterations (the burn-in phase of a MCMC), we expect that the sampled values during every subsequent c iterations to be approximately independent random samples from the respective posterior distributions ( c is the thinning interval). While inference on the assigned trio relationship can be performed on Z by effectively counting the number of times that a particular relationship is assigned to each trio, we choose instead to utilize the actual posterior probabilities obtained for each trio during the relevant samplings after burn-in. Thus, for every trio, we have the empirical distribution of the posterior probability that it has a particular trio relationship. The user can then choose the trios which are most likely to be true by specifying the desired precision on the mean posterior probability for each of the four relationships. We do not specify a recommended threshold but allow the user to tune the tradeoff between identifying more true trios and accuracy (see Application). In our applications, we have chosen a burnin of 200 iterations, a thinning interval of 10 iterations, and the chain is run to obtain 1,000 samplings.
Application
We tested the performance of our method using a series of simulations. Simulated genotype data were generated for four relationships: parent-offspring trios; three unrelated individuals; mother-child and an unrelated male; father-child and a maternal aunt. Trios with unrelated individuals or aunts were disguised as parent-offspring trios. Ten replicates of one thousand trios were generated for each trio type, and we simulated such datasets for 12, 24 and 48 SNPs. As paternal and maternal misspecification types are symmetrical in the absence of incorporating SNPs on the sex chromosomes, we would expect, for example, a mother-child and an unrelated male trio to mirror a father-child and unrelated female trio. We thus assessed the subtle relationship misspecification where a maternal aunt is disguised as the putative mother since the aunt on average shares half her alleles with the true mother and this misspecification type serves as a useful test of sensitivity.
The data was simulated using SimPed [34] . Markers were grouped with 6 SNPs on each chromosome with no linkage disequilibrium but spaced at a genetic distance equivalent to 10 kb (assuming a smooth recombination rate of 1 cM/Mb). SNP minor allele frequencies were chosen from a Uniform (0.05, 0.5) distribution. Separate missing genotype ( M ) and error rates ( E ) for each SNP were both drawn randomly from a Uniform (0, 0.05) distribution. A simple error model was employed whereby each diploid genotype had a probability M of being missing, and probability E of being replaced by a genotype drawn randomly from a distribution under Hardy-Weinberg equilibrium based on the allele frequency of the marker.
Using Nucl3ar we assigned trios to be true parent-offspring triads if their corresponding posterior probability was above a specified threshold. In addition to the thresholds of 0.5, 0.6, 0.7, 0.8, 0.9 and 0.95, we also considered assigning each trio to the relationship which had the maximum posterior probability. We compared Nucl3ar against the available programs for assessing pedigree relationships: Relcheck [25, 26] , Prest [35] , Relpair [28, 36] and Eclipse3 [29] . In order to provide an objective comparison between the various methods, we have described how we operated and interpreted the output from these programs in the Supplementary Materials (L2) (www.karger.com/doi/10.1159/000164396).
We evaluated the number of trios which has either been correctly and incorrectly assigned as true trios ( fig. 3 ). The power of each application is evaluated as the proportion of true nuclear trios which have been assigned correctly. Type I error rates are assessed as the proportions of misspecified trios that have been incorrectly assigned as true.
Our results show that, for 12 and 24 SNPs, Nucl3ar outperformed the rest of the methods, in terms of achieving higher sensitivity and specificity for identifying misspecified father-mother-offspring trio relationships. Figure 3 shows the performance of the different methods for simulated misspecified-father trios, and similar plots for father-aunt-offspring trios and trios for 3 unrelated individuals can be found in the Suppl. Materials (Suppl. fig. S2 and S3, www.karger.com/doi/10.1159/000164396). Nucl3ar and Eclipse3 performed similarly for 48 SNPs while performing better than Prest , Relcheck and Relpair .
It should be noted that the mean error rates and exact allele frequencies used to generate the simulated data was directly submitted to Eclipse3 , Prest , Relcheck and Relpair , while Nucl3ar was left to derive these values. For simulated data containing misspecified-father trios with 24 SNPs, Nucl3ar has the lowest rate of erroneous assignment as true trios ( ϳ 5%) for a given specificity of ϳ 90%, while Eclipse3 comes closest at 9% and the remaining methods achieve error rates 1 10% (see table 1 ). Among our misspecified families, the simulated data with 3 unrelated individuals and father-aunt-offspring have the lowest and highest rates of erroneous inference respectively, and this is true across all the methods ( table 1 ) . Nucl3ar and Eclipse3 are most sensitive to the subtle misspecifications presented by father-aunt-offspring trios, erroneously assigning ϳ 34% and ϳ 41% as true trios respectively. The rest of the methods erroneously inferred more than half of the father-aunt-offspring trios as true trios ( table 1 ) . Nucl3ar also has the lowest rates of incorrectly assigning false trios as true for the simulated 3 unrelated individuals and false father trios ( table 1 ) . For trios that have been assigned as false by Nucl3ar , the method makes a further judgement as to whether one or both parents have been misspecified. If it is the former, the method also infers which parent-offspring relationship has been misspecified. We assess the accuracy for identifying the misspecified relationship from the simulated data. With 48 SNPs and at a posterior probability threshold of 0.9, Nucl3ar correctly identified 95.6% of fathers among misspecified-father trios (see table 2 ). For trios which consist of 3 unrelated individuals, both parents were identified as the source of misspecification in 79.1% of trios (and a further 20.8% of the trios were identified with single parent-offspring misspecifications). The lower rate for trios with 3 unrelated individuals was a result of preferentially assigning false trios to a single misspecified parent-offspring relationship rather than a complete misspecification of the trio relationship (misspecified parents). This rate changes to 98.9% if we specify that it is equally likely to have both parents misspecified compared to a single parent misspecification. Simulated father-aunt-offspring trios are subtle forms of maternal misspecification, and Nucl3ar was able to correctly identify two-thirds of these ( table 2 ). In addition to inferring misspecified parent-offspring relationships, Nucl3ar also estimates allele frequencies, as well as rates of missingness and genotyping errors for each SNP. Estimated rates show extremely high correlation to the simulated rates, with Pearson correlation coefficients of 0.998 and 0.957 for the allele frequencies, and the combined rate of missingness and genotyping error respectively (Supplementary Figures  S4a and S4b, www. karger.com/doi/10.1159/000164396).
We applied Nucl3ar and Eclipse3 to a real set of genotyping data from 659 putative parent-offspring trios collected as part of an ongoing genome-wide study of the genetic factors associated with malaria susceptibility (www.malariagen.net). The dataset comprised results for 48 SNPs and intentionally included some assays with poor genotyping performance ( fig. 4 ) .
Using a threshold of 0.9, Nucl3ar identified 503 trios as true parent-offspring trios, 85 with misspecified fathers, 11 with misspecified mothers, 16 with two misspecified parents. 44 putative trios did not meet the threshold and thus were unassigned. The distribution of SNP weighting from Nucl3ar appropriately downweighted markers with high rates of mendelian error or missing genotypes ( fig. 4 ) . Unlike the simulations where a known mean error rate was given to Eclipse3 , here we The four simulation scenarios are: simulated true fathermother-offspring trios; simulated 3 unrelated individuals (effectively misspecified parents); simulated misspecified-father trios; simulated father-aunt-offspring trios. Data for 24 SNPs are simulated for 1,000 trios in each run. The adopted threshold for each method is represented in brackets after each method. used a range of estimated error rates. Assuming a constant error rate across markers (particularly in the presence of a number of poor assays) appears to make Eclipse3 particularly conservative, and we found the output to be relatively sensitive to the error rate used ( table 3 ) .
Discussion
We have introduced a method for detecting misspecified relationships in the setting of nuclear family trios with limited SNP genotyping data. The approach evaluates the evidence from all three individuals jointly and infers probabilistically whether the relationship is misspecified. Set within a Bayesian framework, the method calculates the posterior probabilities of four possible scenarios: no misspecification, maternal misspecification, paternal misspecification, or misspecification of both parents. We believe the use of posterior probabilities is intuitively easier to interpret, compared to the conventional use of likelihood ratios and derived significances. The accuracy of such statistical significances often relies on asymptotics, and the interpretation of the results can be complicated by issues of multiple testings. With posterior probabilities, pedigrees can also be ranked according to the probability of being true. This can be helpful for prioritizing trios, for example, in selecting a subset of samples from a larger collection for further expensive genotyping. We assumed different error rates when running Eclipse3 and count the number of trios identified by Eclipse3 as true. To our knowledge, this is the only method that estimates and incorporates varying rates of genotyping errors for different SNPs while performing the pedigree assessment. In existing methods, all markers share a common genotyping error rate (although depending on the complexity of the error model, this can be composed of two or more probabilities), this ignores potentially large differences in marker performance. Furthermore these error rates, which can be difficult to estimate, must be specified by the user. Our analysis of empirical trio data suggests that results obtained from other approaches are sensitive to successful estimation of the error rates. Our method uses the rate of missingness and genotyping error for each SNP to weigh the contribution of each SNP accordingly in the analysis. We believe this reflects the decision-making process that a rational user will take, which is to discount the evidence provided by SNPs with higher degrees of missingness and higher rates of genotyping error.
We emphasize that the inference of the underlying relationship for misspecified trios is not the focus of our application in its present form, and alternative methods (such as Eclipse3 ) remain more informative for this task. Detection of relationship misspecification relies on having adequate marker information; marker number, missingness, error rates, allele number and frequency (see Supplementary Material, Figure S5 , www.karger.com/doi/10.1159/000164396) all affect the information available. Although we have proposed a method for handling limited SNP data, the optimal approach remains maximizing the quality and quantity of polymorphic marker data. While the methodology can also be extended to utilise multi-allelic markers (e.g. microsatellites) that are more informative than SNPs, it will be comparably more challenging to model the errors for such highly polymorphic markers. Given the ease and relatively low costs of genotyping SNPs, it is increasingly common for laboratories to genotype a number of SNPs for each sample to produce a genetic barcode. Our method provides a convenient tool which utilises these potentially limited SNP data to investigate the authenticity of the family relationships.
Our method assumes that the SNPs are in sufficiently weak LD so that the joint likelihood of the SNPs can be approximated by the product of the marginal likelihoods from each SNP. It is less clear how the information provided by the panel of SNPs will change when the panel contains SNPs that are in strong LD. SNPs in strong LD provide redundant information about each other. This could be employed to detect genotyping errors: for example, if two markers were known to be in high LD and only one exhibited a mendelian error for a trio, this increases the likelihood that the mendelian error is caused by a genotyping error; conversely if both demonstrated mendelian inconsistencies, this would provide consistent evidence for pedigree misspecification. Although we are currently extending the present framework to handle correlation between SNPs, the current version of Nucl3ar appears to perform reasonably well in the presence of moderate LD between SNPs (results not shown).
One advantage conferred by the use of pedigree data in an association study is the robustness against effects of population structure, as each pedigree is effectively evaluated independently and the results pooled across the pedigrees. Our method of pedigree assessment however infers the allele frequency for each SNP using data from all the pedigrees, and the inferred allele frequencies may not be robust to the effects of population structure. As the method essentially assesses the presence of genotype configurations which are inconsistent with mendelian transmission, we believe that minor differences in allele frequencies will not substantially affect the performance. We tested our assumption by running the method on a dataset simulated with 48 SNPs according to the same In the first scenario, 1,000 trios were analyzed of which 200 and 800 trios are simulated from two populations with levels of population differentiation similar to the HapMap Japanese and Chinese respectively, which we have loosely defined to reflect fine-scale population differentiation; in the second scenario, 1,000 trios were analyzed of which 200 and 800 trios are simulated from two populations with levels of population differentiation similar to the HapMap CEPHs and Yorubas respectively, which we have loosely defined to reflect broad-scale population differentiation. There are no detectable differences in the performance of Nucl3ar in both scenarios. specifications as described in Applications, except for modifications in the allele frequencies to reflect the presence of population structure as represented by: the first dataset containing 1,000 true trios simulated such that the first 200 trios have allele frequencies derived from the HapMap Japanese population [37] and the remaining 800 have allele frequencies derived from the HapMap Chinese population; the second dataset containing 1,000 true trios simulated such that the first 200 trios have frequencies derived from the HapMap CEPH population and the remaining 800 have frequencies derived from the HapMap Yoruba population from Ibadan in Nigeria. The first dataset represents the presence of fine-scale population structure and has a SNP-averaged F st of 0.007, while the second has a SNP-averaged F st of 0.088. We see that there is no significant degradation in the performance of Nucl3ar as a result of either fine-or broad-scale population structure ( table 4 ) .
In summary, association studies using nuclear family trios with an affected offspring need to appraise the genuineness of the pedigrees. We have described a method optimized to infer the authenticity of trios in scenarios when the amount of available genetic data is relatively limited. There are practical situations where efficient detection of misspecified trios can save valuable resources and prevent unnecessary distortion of association statistics.
Our approach utilizes trio information, down-weighs SNPs with poor performance and does not require the user to know the rates of genotyping error. Through studies of simulated and empirical data we have shown our approach handles large trio datasets with limited SNP data better than many existing methods for assessing relationship misspecification.
